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(Received October 12, 1990; accepted March 26, 1991) Abstract. 2014 Experimental conditions for obtaining high quality core-shell ionization edges in reflection electron energy-loss spectroscopy (REELS) are investigated. Under the (600) specular-"mirror" reflection conditions and using the relative ionization cross-section measured from a MgO thin foil in the transmission geometry for collection semi-angle 03B2 = 1.2mrad, the chemical composition of MgO (100) surfaces is determined to be NO/NMg = 1.5 ± 0.15. This value is not significantly affected by varying the resonance diffraction conditions near the [001] zone axis, under which the spectra were acquired. An incorrect apparent composition will result if channeling effects along the [011] zone axis are not considered properly. Surface microanalysis is limited by the accuracy of the core-shell effective ionization cross-section (EICS), which depends not only on the property of a single atom but also on the dynamical elastic and inelastic scattering and channeling processes of electrons. An experimental method is outlined by which to measure the relative EICS from a thin foil specimen in the transmission case under the equivalent resonance conditions as in reflection geometry. 1 . Introduction. Reflection electron energy-loss spectroscopy (REELS) combines the techniques of reflection electron microscopy (REM) and electron energy-loss spectroscopy (EELS) in a transmission electron microscope (TEM) [1] . The REELS spectra are acquired from reflected electrons under surface resonance conditions (see [2] for a review), the electrons having travelled a certain distance along the surface before being reflected [3] . Surface compositional microanalysis, an important application of REELS, usually requires the simultaneous detection of two or more atomic innershell ionization edges. As a result of strong dynamical scattering effects, however, the signal-tobackground (S/B) ratios of the K ionization edges located above 1 keV are limited in the REM geometry, which may compromise the accuracy of surface microanalysis.
In REM, the electrons reflected from the surface can be classified as Bragg-but not resonance, resonance-but not Bragg, and Bragg-resonance. The [4] , the image contrast is relatively poor (Fig. 2a) . Also the low incidence angle of the electrons produces strong valence excitations (Fig. 3a) , which increase the background level in the energy-loss range of core shells. In general, valence excitations in REELS have two contributions. One part is the delocalized excitation of the surface when the electrons approach and leave the surface. The probability of this process is inversely proportional to the grazing incidence angle [5] . The other part is the excitation of the surface and the bulk when the electrons are trapped in the crystal during the resonance process. [2, 6, 7] . Case a': As an alternative to case a, the (420) reflected spot in figure la can also be used to acquire REELS spectra. As well as poor REM image contrast (Fig. 2a') , the valence excitations are also increased (Fig. 3a' ).
Case b: Th decrease multiple valence excitations (see Fig. 3b ), the electron incidence angle can be increased so that the (600) spot is specularly reflected (Fig. 1b) . With the electron azimuth parallel to the zone axis, the REM image contrast is optimized and the image "distortion" due to off axis incidence is minimized ( Fig. 2bl and b2 ). Since figure 1 for fl = 1.2 mrad (see the text for details). The spectrum displayed in e) was acquired from a thin MgO foil in the transmission geometry and characterizes the bulk excitation. Dotted spectra are magnified 2.5 times, in each case.
will be important in this situation.
Case c: The strong diffracting condition in case b can be decreased by tilting the incident beam off the zone axis in the direction parallel to the surface, so that only the specularly reflected spot is strongly excited (Fig. 1c) . In this case, the (600) spot can be approximately considered as the "mirror" reflection. The corresponding REM image is "distorted", but the surface steps can be identified as being of atomic-height by reference to a screw dislocation arrowed in figure 2c. Valence excitation is reasonably low in this case (Fig. 3c) Case d: The valence excitation can be further decreased (see Fig. 3d ) by increasing the electron incidence angle so that the (800) spot is strongly excited (Fig. 1d) . This increases the depth to which the electrons penetrate the crystal and thus decreases the surface sensitivity of REELS, but still allows reasonably good REM images to be obtained (Fig. 2d) .
As a summary of figures 1 to 3, it seems that the best condition for REM imaging is case b (Fig. 1b) 
where io is the average current density; NA is the average atomic concentration of atom A; iA is the average channeling current density at the A atomic sites; and IiA is introduced to take into account the deviation of the final inelastic electron angular distribution, f (a), from the Lorentzian function, L(a), due to dynamical diffraction effects. By assuming that the generalized oscillator strength is almost independent of the scattering angle a,
where the integration of a is limited to the collection aperture of semi-angle,Q, 03B8E(A) is the characteristic inelastic angle of the element A and L is the angular distribution of the electrons after being inelastically scattered by a single atom, L (a, OE) = 1/ [a2 + 03B8E2]. (6) [6, 7] .
For MgO (100), since the oxygen and magnesium atoms are arranged alternately in the same row when the beam azimuth is close to [001], surface channeling (or resonance) effects, if any, should not affect the results of surface microanalysis (i.e., one can take iA = iB in equation (6)).
For Eo = 300 kV, A = 100 eV and 03B2 = 1.2 mrad, the ratio of ionization cross-sections measured using the (000) reflection spot in the transmission case of a thin MgO foil is u( 0, (3, (Fig. 1c) . Considering the large noise effect at small angles (0.4 mrad) and the anisotropic angular distribution of the inelastically scattered electrons at large fi angles (2.0 mrad), the composition measured at (3 = 1.2 mrad may be a reliable in reference to our previouse studies [1, 10] . 5 .3 SURFACE STRUCTURES. -The intensity and shape of the O-K edge was found to depend on the structure of MgO (100) surfaces. For atomically flat surface areas, the intensity of the core edges were usually stronger than those acquired from areas with many steps, as shown in figure 6 , possibly because the mean distance electrons travel is longer for a perfect surface than for a surface with many steps. The apparent surface composition NO/NMg varied from 1.4 to 1.5 for areas with and without many surface steps. For some rough surface areas, the apparent composition was as low as 1.1. This can be explained by the definition of surface composition discussed above. (Fig. lc) was selected, 03B2 = 1.2 mrad and beam azimuth B x [001].
5.4 OTHER PARAMETERS. -Surface compositions determined from REELS can also be affected by other parameters. The beam convergence can give a 5% uncertainty. In practice, it is found that the S/B ratio can be improved by the use of a convergent beam. Spectra acquired with and without the selected area aperture can also give a 5% difference. This may be due to the chromatic aberration effects for different energy losses [11] . 6 . Channeling effects.
As shown in figure 1, strong diffracting [12] . figure 8 [13] ; the transmitted and reflected coefficients of the wave through and from each layer are assumed to be constants t and r. The angular distribution of each localized inelastic scattering event can be approximately characterized by [14] [13] . Note the electron incidence angle is the Bragg angle if the refraction effect is neglected.
where 0., and 0z are the scattering angles parallel and normal to the surface, respectively, and OB is the Bragg angle at which the electrons are incident. Thus the inelastic events occurring in the first layer when the electrons are being Bragg reflected towards the vacuum will give an angular distribution L( 0) around the specularly reflected spot. Electrons inelastically scattered in the second layer will be (eventually) reflected to vacuum only if they satisfy the Bragg reflection conditions. These electrons will be distributed in a narrow band with approximately the same width as the Kikuchi lines (AOK) in a form of L( 0). Electrons penetrating through the second layer into the crystal will be considered as being absorbed. By considering the multiple elastic Bragg scattering and single-incoherent inelastic scattering of the electrons within these two layers and assuming that the inelastic scattering is localized, the final angular distribution of the inelastically scattered electrons within the reflected spot, if 03B8E &#x3E; &#x3E; AOK, may be approximately written as Integrating f (0) for a collection aperture of radius /3 centered on 03B8z = OB and 03B8x = 0, one obtains F(03B2) = [t2r 1-r2]ln(1+03B22/03B8E2)+[t2r 1-r2]2039403B8K 03B8Earctan(03B2 03B8E), (9) where the first term gives the isolated-atom Lorentzian distribution and the second term gives the deviation caused by diffraction effects. Thus the h factor defined in equation (4) (10) It is impossible, for a general case, to give an analytical expression for f (0), because f (0) is determined partially by dynamical scattering effects and partially by inelastic multiple plasmon excitations and thermal diffuse scattering [15] . At [16, 17] . Thus, it should be possible to define the angular distribution of the inelastically scattered electrons within a reflected spot from measurements made in the transmission geometry on a thin foil of the same crystal with the incidence beam azimuth tilted to set up conditions equivalent to those in the RHEED case. For a specimen with thickness equal to the mean distance D that electrons travel along the surface in the RHEED case, the effects of dynamical scattering and channeling (or resonance) in the RHEED geometry should be equivalently generated in the THEED geometry and thus be automatically included in EELS measurements of EICS ratios for the equivalent diffraction spot. It is expected that the accuracy of REELS microanalysis can be significantly improved using the EICS determined from this method. Further REELS investigations of Mg0 (100) with the beam azimuth near [011] will be reported separately [18] . 8 . Conclusions.
It was found experimentally that in reflection electron energy-loss spectroscopy (REELS) for MgO (100) the optimum signal-to-background ratio at 300 kV was obtained under the following conditions: 1&#x3E;g=(600) with beam azimuth a few degrees from [001] , in which the electrons are "mirror" reflected under planar resonance conditions; 2&#x3E; relatively small EELS collection semi-angle 03B2 = 1.2 mrad; and 3&#x3E; with area selection by the probe rather than the selected area aperture to minimize chromatic aberration effects.
The routine microanalysis formula IA(A) = i(A) 03C3(A,03B2,0394) NAD can be applied to REELS surface microanalysis only if u is replaced by the effective ionization cross-section (EICS) 03C3eff, which depends no only on the atomic properties but also on the dynamical electron diffraction and channeling processes from the surface. It should be possible to measure the relative EICS by transmission EELS of a specimen of the same material, with appropriate thickness and under diffracting conditions equivalent to those in the reflection geometry. It 
